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INTRODUCTION
In the past, regeneratively cooled rocket engine thrust chambers
have been required to sustain one,or in some instances only several, hot
operating cycles. However, the current requirements of reusability for
standard cycle applications such as the Space Shuttle or the Space Tug
engines have introduced the problem of low cycle thermal fatigue. High
performance operating conditions produce a severe thermal environment.
To withstand these thermal conditions as well as the cyclic operation, the
thrust chamber materials must have high thermal conductivity and high
thermal fatigue resistance.
Copper-base alloys have these qualities. However, sufficient
thermal fatigue data did not exist prior to the program to allow a selec-
tion of the most capable material. There had been some fatigue studies
made of several selected copper-base alloys. These studies were done by
several sources. Variations in data due to the variations in test samples
and test procedures produced inconclusive results. Also, early low cycle
thermal fatigue failures of actual thrust chambers produced more questions
than answers.
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This overall test program is being conducted to provide data
under repeatable controlled conditions that could be used to compare
all likely candidate materials, provide a basis for thrust chamber
design and information for low cycle thermal fatigue prediction methods.
Eleven copper base alloys and silver were tested to provide strength
and isothermal fatigue data. This initial screening would yield one or
more materials that would then be more fully characterized. The detailed
study of low cycle fatigue behavior of the material or materials selected
will be performed in the second task and will be reported separately.
After the characterizations are completed, actual thrust chamber
test hardware will be made from the best materials and tested for its
cyclic life. All of the information obtained for these materials would be
used in conjunction with analytical thermal cyclic life predictions for
designing thrust chambers for long time reusability requirements.
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I - TEST EQUIPMENT
A closed-loop,servo-controlled,hydraulically-
actuated fatigue machine (see Figure 1) was employed in this
pros-ran. This machine was equipped with the necessary recorders
to provide continuous readouts of the desired test information.
A block diagram of the type of test machine used is pre-
sented in Figure 2» The programmer is a precision solid-state
device capable of furnishing all of the required waveform signals
necessary to provide the strain or stress values demanded in
the test. This signal is compared in the summing network with
the strain or stress values actually present at the specimen at
any instant of time. Any deviation from the required parameter
is sensed by the servo-controller which supplies a correction
current signal to the servo-valve which provides the correct
hydraulic flow and pressure to the hydraulic actuator. The
actuator in turn imparts the necessary displacement and force
through the load cell to the specimen. The diametral displace-
ment of the specimen in the gage section is sensed by the
extensometer and the motion is imparted to the LVDT (Linear
variable displacement transducer) which supplies an electrical
signal to the analog computer. The analog computer accepts
the instantaneous diametral strain and axial force signals and
operates upon them to provide signals representing all of the
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strain and stress components of interest. Any one of these can
be selected for comparison with the programmer signal.
Manufacturer and nomenclature of the various
components of the fatigue machines are as follows:
1. Programmer - designed and built by Mar-Test Inc.
2. Servo-controller - designed and built by Mar-Test Inc.
3. Actuator - Universal Fluid Dynamics,Type MDP5-H-BR
4. Servo-valve - Moog,Model 76-101
5. Hydraulic System » Racine,Model PSV-SSO-20GRS
6. Load Cell - Strainsert,Model FFL15U-2SB(K)
7. Induction Generator - Lepel,Model T-2.5-1-KC-J-BW
8. Sxtensometer - designed and built by Mar-Test Inc.
to measure diametral strain
9. LVDT - ATC,Model 6234A05B01XX
10. Analog Strain Computer - designed and built by
Mar-Test Inc.
11. Load Frame and Fixtures — designed and built by
Mar-Test Inc.
Bach fatigue machine consists of a sturdy three-
column support system connecting two fixed,horizontal platens.
A movable platen operates between the fixed platens and is
hydraulically actuated to provide the desired cyclic motion.
The movable platen contains three close-tolerance bushings
which slide on the chrome-plated support columns to impart
extreme rigidity and precise alignment to the system.
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5.
The diametral strain at the minimum diameter point of
the specimen is measured using a specially constructed diametral
extensometer.This device was fabricated from low thermal
expansion materials(quartz and invar) to minimize the effects
of room temperature changes on extensometer output. Each
extensometer is calibrated prior to use by employing a special
calibration fixture. Each device is supported horizontally
(that is, in the actual use position) with the extensometer
knife edges touching a 0.25 inch diameter split pin. One of
the pin halves is fixed and the other is displaced horizontally
to simulate a diameter increase. This motion is controlled by
the rotation of the barrel of a special micrometer!calibrated
against NBS standard). In this way the extensometer is
calibrated to within 10 microinches. With this type of cali-
bration and a knowledge of the stability and accuracy of the
electronic components of the system a reasonable estimate of the
accuracy of the strain control system is 60 microinches per
inch in terms of axial strain range.
Before any tests are made each load cell is calibrated
in position by placing a calibrated(NBS) Ring-Force Gauge
(Morehouse Instrument Co.,Model 5BT,5000 Ibs capacity with an
accuracy to 0.2 percent) in the specimen position in the load
train. As the actuator is caused to apply a load the output of
the load cell is plotted against the load indicated by the cali-
brated Ring-Force Gauge. This calibration is performed at
frequent intervals to insure accurate stress measurements
during the testing program.
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6.
Each fatigue machine has its own control console
which functions to supply the very precise control features
which are so essential to the performance of meaningful fatipoie
tests. In addition to housing the temperature controller and
an elapsed time indicator each control console contains:
a) a calibration panel which also provides means for
automatic or manual control of the hydraulic solenoid
and power for auxiliary equipment such as the induction
generator and recorders;
b) a programmer which provides the required demand signal
waveform for the test;
c) an analog strain computer which generates the load and
strain components for recording and control purposes;
d) a servo-controller which compares the programmer supolied
demand signal and the computer supplied feedback signal
and generates the proper control current for the servo-
valve; a meter relay circuit operates in conjunction
with the servo-controller to provide the means for
shutting down the system when the specimen fails.
One of the important precautionary features of the
Mar-Test fatigue machines is the incorporation of a manually
operated by-oass valve across the hydraulic actuator. With this
valve open the test specimen can not be exposed to any
inadvertent load transients during start-up. The hydraulic
solenoid valve can be energized with this valve open and the
load transients frequently encountered in test start-up can be
eliminated. Once the solenoid valve is opened the by-pass valve
II 11 11 M 11 II _H H11 11 Jl li__ll. ii II M IL L L
can be closed slowly to bring the system under control.During
this operation the load trace is monitored so that a smooth
transfer is effected and all load transients are eliminated.
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II - SPECIMEN STORAGE AND PRE-TEST CLEANING
After being machined all specimens were wrapped in
soft tissue paper and placed in individual hard plastic cylinders
(about 3.5 inches in length and 7/8 inch inside diameter). The
ends of these cylinders were then sealed with masking tape and
the specimen code number was written on the external surface of
the cylinder. These cylinders were used for storage before and
after test.
In preparing for a test each specimen was subjected to
the following:
1) a small longitudinal notch was filed in the threaded
sections of the specimen; this was designed to aid in
in the removal of entrapped air from the threaded area
after the specimen was inserted in the adaptors (see
below for specimen-adaptor assembly);
2) the specimen was washed with Preon to remove any surface
oils which might have remained after machining;
3) a small quantity of dilute phosphoric acid was applied
by hand to the complete, surface of the specimen; this
removed any surface oxides and any machining oil not
removed by the cleaning with Preon; this operation was
completed within 15 seconds;
l|.) the specimen was rinsed in warm water and dried using
soft absorbent tissue;
5) the specimen was then subjected to a final cleaning
with Preon.
\
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IIT- TEST PROCEDURES
A. Low-Cycle Fatigue
The closed-loop, servo-controlled low-cycle fatigue maohine
.employedin this study was fitted with a specially constructed con-
tainment vessel to allow testing in a protective environment. This
cylindrical chamber was fabricated from 2-inch diameter pyrex
tubing and was inserted between the holding fixtures. This small-
volume enclosure (about 170 cm^) facilitated system purging and
allowed the desired protective pas purity levels to be maintained.
Neoprene low-force bellows at the top and bottom connected the
chamber to the holding fixtures and permitted the normal longi-
tudinal motion of the specimen during cyclic loading. Side-arms
on the pyrex containment vessel provided access for the extenso-
meter arms and a special flexible Joint provided an effective
seal without influencing the strain measurement. Thermocouple
lead-throughs were provided near the lower platen so that the
thermocouple leads could be routed from within the enclosure to
the temperature control system. Specimen heating was effected by
an induction coil wound around the external surface of the
cylindrical containment chamber.
All the low-cycle fatigue tests in this program were
performed using the specimen configuration shown in Figure 3.
Such specimens were held in specially designed threaded adaptors
to provide an integral assembly that allowed the adaptor to be
heated inductively along with the specimen itself. Large mating
surfaces were provided between the specimen and the adaptors to
II 11 11 11 li. li 11 li M MM U.-M li II M iL £ L L
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minimize the temperature gradient between them. This approach
proved to be quite successful and test temperatures to 538 C
(1000°F) were achieved quite readily. It was also shown that
a very flat longitudinal temperature profile was obtained.
Test temperatures were measured usinp chromel-alumel
thermocouples spot-welded to the top surface of the bottom
adaptor. Special pre-test calibrations performed in a previous
study employed thermocouples peened into the surface of a copper
specimen and these were used to establish the fact that the
temperature of the adaptor which was in direct contact with the
copper specimen was within 1°C (2°P) of the specimen temperature
measured at the longitudinal midpoint. These tests confirmed the
idea that the temperature of a copper specimen, mounted as des-
cribed above, could be accurately measured and controlled through
the use of a thermocouple attached to the adaptor.
Because of the temperature uniformity in the specnrien-
edaptor assembly a special precaution must be taken to avoid fail-
ure in the threaded portion of the specimen. This involves the
provision of a larp.e specimen diameter in the prip repion compared
to the diameter at the specimen midpoint. This was also sufficient
to avoid plastic deformation at the specimen-adaptor contact point
and therefore to prevent backlash and alignment changes durinp,
strain cycling.
A fully instrumented test specimen-adaptor assembly was
mounted in the holding fixture of the fatigue machine using a
split collet type of assembly and a special levelinp device was
11 li 11 M... li. M .11...li 11 li U il M 11 11 fi 11.. i, L
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employed to assure that the specimen was ! installed perpendicular
to the platens. A flat load cell (see previous section) in series
with the specimen was used to measure the load applied to the
specimen throughout the test.
Once the specimen was installed within the containment
vessel the system was purged using a high flow rate of hiph purity
argon (see below for inert gas spscif ications) for 30 minutes.
This established the desired purity level within the test chamber.
The inert pas flow rate was then lowered to a few cm^/min and
maintained at this level throughout the test.
Before any tests were initiated the analop strain
computer was calibrated by making use of values for Young's
modulus (an E value of 6.895> x 10^ MN/m for 538°C was used in
all copper and copper alloy tests; a value of '.4.. 1^9 x 10^ " MN/m at
538°C was used in a subsequent calibration for the tests of pure
silver) and specimen cross-sectional area (A). These values were
used as shown in the block dlapram in Figure Ij. to generate axial
strain values corresponding to measured values of diametral strain
and force. This diagram provides an aid to an -understanding of
the computer calibration procedure. The values of A and E were
used to adjust the compliance control to establish the followinp
equality:
AE = P/£ (1)
Prior to heating a specimen to the desired test tempera-
ture the system was placed in force control. This automatically
kept the force at zero by gradually lowerinp the movable platen
11 11 II Ii 11 11 II li li i i i i U M ii 11 M 11 L L
13.
.
V» -x V
< X *«
-Is
Ul
x
vu
©
vi? 4!
0)
4*
a§
o
o
o
-d-
II II. U 11 11 11 li U il il L L
to account for the thermal expansion of the specimen as the temper-
ature was increased. When test temperature was obtained the analog
strain computer was employed to yield a value for Poisson's ratio.
The specimen was cycled elastically so that the actual plastic
strain, £±€.p} was zero and the value of Poisson's ratio could be
obtained by the ratio of the diametral to axial strain; thus:
Ve = - -f- ft)
e^
The Vg_ control on the comptiter was then adjusted to force the
computer value of <^ £/> to zero. At this point the above rela-
tions were satisfied and the correct value of 14 was indicated
on a potentiometer turns-count:!ng dial on the computer panel (the
value for Poisson's ratio plastic was set internally to 0.5 in
accordance with constant volume deformation conditions associated
with plastic deformation). At this point the computer was cali-
brated and furnished a correct axial strain signal for recording
and control purposes.
With the computer calibration complete the test was
ready to begin. Two recorders were connected to the console, one
to monitor load and the other to monitor the total axial strain.
The system was pi seed in automatic control and the strain was
grad\ially increased to the desired level. This gradual increase
to the desired strain level requires 5 or 6 cycles and avoids
specimen damage due to "overshooting" the strain ranre which can
occur if an attempt is made to impose the desired strain level on
the first loading cycle. When the desired strain range was reached
the test conditions were kept constant until fracture occurred.
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Hysteresis loops were recorded on an x-y recorder during the first
few cycles and at frequent intervals thereafter. In addition, a
continuous recording was made of the applied load and the associated
plastic strain. When the specimen fractured, the shut-down circuit
automatically de-energized the sntire testing system including
the induction generator,the hydraulic ram,the timing device and
the recorders. However,the protective environment system remained
functional until the specimen cooled to room temperature.
High purity (guaranteed 99.999$ purity or better) argon
gas was employed as the protective environment on this test pro-
pram. When a slight surface tarnishing was noted in the first
few tests it was decided to use the same high purity argon pas but
with an additive of 1000 ppm of hydrogen so as to provide a slightly
reducin~ atmosphere. As another protective measure a small (about
•->
6 cm in area) piece of 0.01 cm thick tantalum sheet was spot-
welded to the upper specimen adaptor. This getter foil was
actually positioned to allow it to protrude about 1/8 inch below
the bottom surface of the adaptor so that the induction field
would heat this region of the getter to a temperature that was
slightly higher than the test temperature. Tn this way an effec-
tive gettering action was achieved to increase the purity level
of the test atmosphere. This approach was employed in all tests
at 538 C (1000 P); all room temperature tests were performed in
air.
3. Short-Term Tensile
T'easurements of short-term tensile behavior were made
using the same hydraulically-actuated, servo-controlled fat!rue
li 11 .11 li. 11 li 11 U U li. U. U -H U 11 U 1L. il L. L
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nacMnes employed in the low-cycle fatigue evaluations. Further-
rncre, the same specimen design was employed and the specimen pre-
paration, test environment, installation and Instrumentation pro-
cedures were identical to those employed in the fatigue tests.
These short-term tensile tests were performed using a diametral
extensometer and the true diametral strain rate was ktapt constant
at lxlO~^ sec (the corresponding axial strain rate was, there-
fore, about 2xlO~^ sec ). In many of these tests the specimen
began to "neck down" at a location Just above or below the point
at which the extensometer was positioned to give a local strain
rate higher than the control value. Since necking occurs beyond
the ultimate tensile strength point it is felt that the tiltimate
and yield strengths are not affected by this behavior. It might,
however, have an effect on the reduction in area although there
was no definite indication that this property was significantly
affected. For example, in the R-2-8 test the specimen necked down
at or at least very close to the extensometer position. In the
3-2-1 test, however, this was not the case and the strain rate at
the necked down region was higher than the control value. Both
tests yielded the same reduction in area values to indicate that
this necking down problem had no significant effect in these
evaluations.
IV- TEST DATA
A. Short-Tern Tensile
The short-term tensile properties measured at roori
temperature in air and at $3o°C in argon are summarized in
11 1L 11 II .11 M 11 .li. .11 H .11. U . U l i ' U i l l l i l L L
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Tables Tl and T2. Duplicate tests were performed for each
material at each test temperature and the load versus strain
traces were analyzed to yield the reported values for the ultimate
I
and yield strengths. \ post-test measurement of the fractttred
specimen led to the reported values of the reduction in area.
All these tests were performed using a true axial strain rate of
2 x 10~3 sec"1.
B. Low-Cycle Fatigue
yr
Summary data obtained for the 12 materials evaluated
in Task 1 are presented in Tables !?-0 through y-13. Plots of
the total strain range versu.s cycles to failxi.re are presented in
Figures F-0 through F-13. Faired curves were drawn to provide a
representation'of the fatigue behavior and these curves were
used to obtain the strain ranges corresponding to .cyclic lives
of 3°° and 3000 cycles. A summary of this information is pro-
vided in Table F-llj..
C, General Observations
In general, the specimens after test appeared clean
and bright to indicate no serious contamination of the specimens
during test. Jn a few series (R-6 for example) one or two speci-
mens did exhibit a slight surface tarn5shing but the fatigue life
obtained was in excellent agreement with the other data in the
series obtap'.ned when the specimens were clean and bright after
test. Specimens in series 3-9 and R-13 were all definitely tar-
nished r.fter test to Indicate that in thfi environment specified
.j
Strain ranre components at N~/2 were calculated from
the stress ran.^ e at tftis point and the total
l strain range.
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in this program these materials will not remain clean and bright
at £38°c for the time periods involved.
In a few tests, particularly those at the higher
strain ranges in the R-l and R-2 series, the number of cycles to
failure appeared to be much higher than expected based on the
lower strain range results. An analysis of the load traces ob-
tained in these tests indicated that the crack propagation period
seemed to be inordinately large and it WPS this which yielded the
long fatigue life. ?or this roason the data summaries for the
"1-1 and R-2 series included both the Nf value and another value
in-.parentheses to indicate the fatigue life base'! on p.nob?".or fail-
ure criterion. The load versus time traces were studied and
failure was arbitrarily chosen as that point at which the length
of the cusp in the compression portion of the load trace was 10 per-
cent of the length of the trace corresponding to the compressive
i
load. A plot of this information seemed to provide a more con-
sistent behavior pattern for fatigue life as a function of the
total strain range.
So^ .e plastic instability was noted 5n certain testa
which led to "barrelling" of the specimen in the region close to
the minimum diameter point. This effect was noted in the highest
strain rrjige tests of the R-0, R-l and :7>-2 series. It was riost
pronounced in the H-8 series where n 3 percent strain range test
yielded n specimen at fracture which appeared almost as a notched
specimen. These observations seem consistent with the reported
discussions of barrelling in cyclic strs'n exposures of certrin
materials since the extent of barrelling ia largest at the highest
strain ranges and in the more ductile materials.
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FIGURE F-10 p
Low-Cycle Fatigue Data Obtained f
in Argon at 538°C Using a Strain
Rate of 2xlO~^ sec~ . i
i
R-10 Material i
Electroformed Copper; 30-35 '•
ksi |
1
rf-i'j
-tr*
il-«-
This material was found to be anisotropic
and for this reason the computed values of
the axial strain range are not completely
reliable. For this reason no curve has been
drawn through the data points .
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FIGURE P-13
Low-Cycle Fatigue Data Obtained
in Argon at 538°c Using a Strain
Rate of 2xlO"3 sec"1
R-13 Material
Co-Be-Zr Copper; SA and Aged
Number of Cycles to Failure, N_
TABLE F-l/i - Summary of Strain Rart fe Data Obtained
in Low-Cycle Pat5pie Tests in Ar^on
at 53B°C Usinp a Strain Rate of 2xlO~3 sec"1.
'• Total Strain Rnnre,
Series
R-n
3-1
fi-2
R-3
R-1+
n-5
R-6
R-7
R-8
R-9
Material
ZirconitiTD-
Copper
Z* rconT urn-
Copper
Zircrni ••rn-
T el luri urn-
Copper
Chromium-
Copper
OFHC Copper
OFHC Copper
OFHC Copper
Silver
Zr-Cr-M?
» » i • •»Mater} al
Condition
Annealed
1/Jj. !Tfird
1/2 Hnrd
1/2 Hard
3 A and Ap,ed
Hard.
l/l; Hard
Annealed
As Drawn
SA, CW and
A€T^ ,
for Cyclic
300 cycles
3.05
3.5
6.1
1.14-2
1.6lj.
1.52
0.83
1.39
3.1
3.25
in Percent,
Life of:
3000 cycles
1.6
1.3
1.14.1
o.55
0.93
0.62
O.ij.1
0.57
0.95
1.1
Copper
R-10 Electroformed
Copper
R»13 Co-B«-Zr
Copper
Aped
30-35 ksi
SA and Ap;ed
See footnote
1.29 0.72
The ;;-10 naterigl was f ound • to be anisotropic
and for this reason the computed values of the
axial strain rp.npe are not completely reliable.
'in view of this no faired curve was drawn through
the drta points ir. Pi rpjre F-10 and as a result
no ''fclnfis for' t-hR 300 and 3000 cycle strain ranges
are reported.
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